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Siliceous microfossil succession in Lake Michigan 
Abstract-Quantitative analysis of siliceous 
microfossils in 210Pb-dated Lake Michigan sedi- 
ments shows five time zones in microfossil abun- 
dance and composition. Sediments deposited be- 
fore 1885 contain low abundances comprising 
species associated with very oligotrophic lakes. 
Between 1885 and 1925 abundance increases 
slowly as does the ratio of planktonic diatoms to 
benthic diatoms and chrysophyte remains. These 
trends accelerate in sediments deposited between 
1925 and 1964, most rapidly between 1954 and 
1964. Maximal microfossil abundance occurs in 
sediments deposited - 1964 and numbers, par- 
ticularly of oligotrophic species with summer 
abundance maxima, decline thereafter. This se- 
quence appears to reflect progressive eutrophi- 
cation of Lake Michigan culminating in silica 
limitation during summer stratification after the 
mid- 1960s. 
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The role of various factors in driving 
changes in phytoplankton community 
structure in the Great Lakes remains a topic 
of considerable interest and debate. Some 
time ago we (Schelske and Stoermer 197 1, 
1972) advanced the hypothesis that reduc- 
tion in available silica concentration was a 
major factor in Lake Michigan. The silica 
depletion hypothesis rests on two major as- 
sumptions: that increased phosphorus load- 
ing results in increased production of dia- 
toms and other phytoplankton which require 
or utilize silica and that some fraction of 
the siliceous remains of these organisms is 
sequestered in sediments. In systems such 
as Lake Michigan where hydraulic renewal 
times are relatively long (m 100 yr) and the 
lake surface constitutes a significant (N 30%) 
portion of its total drainage basin (Schelske 
1975), relatively modest increases in silica 
storage can result in decreased concentra- 
tions of available silica in the water column. 
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Fig. 1. Concentration of biogenic silica vs. depth 
in core K-34-83. 
Progressive reduction in silica availability 
should have two successive effects. Initially 
it should confer competitive advantage on 
diatom species adapted to relatively low Si:P 
ratios or to growth during winter circula- 
tion. Further reductions in silica availability 
should limit diatom growth in summer and 
result in summer production mainly by 
phytoplankton species that do not require 
silica for growth. Thus resource limitation 
could have effects at the levels both of pop- 
ulations and of major physiological groups. 
According to our interpretation, quanti- 
tatively analyzed cores from the Great Lakes 
(Frederick 1981; Schelske et al. 1983; 
Stoermer et al. 1985a,b,d, 1987; Wolin et 
al. 1988) demonstrate such effects. This in- 
terpretation is not universally shared. The 
main contention is based on a paper by Par- 
ker and Edgington (1976, p. 893) who con- 
cluded that “the permanent sediment does 
not appear to be an important sink for large 
quantities of biogenic silica in Lake Mich- 
igan. . . .” This conclusion was based on an 
apparent logarithmic decrease in quantities 
of diatom remains downcore, which Parker 
and Edgington attributed to dissolution of 
diatom frustules after deposition, and on 
the fact that diatom remains recovered ac- 
counted for only a minor fraction of the 
potential flux calculated on the basis of con- 
servative production estimates. Based on 
these considerations, Edgington (1984) ar- 
gued that historic changes in phytoplankton 
community structure in Lake Michigan re- 
sulted largely from modification of com- 
munities at higher trophic levels. 
We have undertaken quantitative analy- 
sis of diatoms and other siliceous micro- 
fossils in a core which extends well beyond 
western settlement in the Lake Michigan 
drainage basin to address the issue of pres- 
ervation or nonpreservation of siliceous mi- 
crofossils in Lake Michigan sediments. The 
results form the basis of the following re- 
port. 
The core analyzed was lifted from station 
K34 (44”36.9’N, 86”321.6’W), near the 
deepest sounding in Lake Michigan, in June 
1983 with a benthos gravity corer. The cor- 
ing locality is in the northern basin, which 
receives the least anthropogenic nutrient 
loading and is the least perturbed region of 
the lake. Methods and procedures of anal- 
ysis have been described previously 
(Stoermer et al. 1985b). Cluster analysis re- 
ported is based on Euclidean distance mea- 
sure and the average distance clustering 
method (Carney 1982). 
The biogenic silica profile (Fig. 1) is char- 
acterized by low and relatively constant val- 
ues below 10 cm, a rapid increase in con- 
centration to a peak between 2 and 3 cm, 
and declining values thereafter. Similar to 
chemically measured biogenic silica, total 
siliceous microfossil abundance is relatively 
low and constant below 10 cm in the sec- 
tion, rises to a strong peak at 2.5-3.0 cm, 
and then declines toward the surface (Fig. 
2). The single exception is an isolated peak 
in abundance in the 20-22-cm sample. 
Planktonic diatoms are the most abundant 
microfossils found in all strata of the core. 
Chrysophyte remains are present in small 
numbers in all samples. Their absolute and 
relative abundance tends to increase with 
depth, although there is a good deal of vari- 
ation. There seem to be long-period cycles 
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Fig. 2. Absolute (valves or cysts x 1 O6 g-l dry wt sediment) and relative (%) abundance of major microfossil 
groups at depth in core K-34-83. 
of relative chrysophyte abundance imposed of benthic diatoms occurs in the sample from 
on the generally declining trend. 20 to 22 cm. 
Benthic diatoms (Fig. 3) are present at all 
levels and are proportionally more abun- 
dant in deeper samples. Benthic species 
range from 10 to 25% of the total micro- 
fossil assemblage in samples below 10 cm 
and decline in relative abundance toward 
the surface. The highest absolute abundance 
We noted 170 morphotypes of algal re- 
mains during the study. Of them, 138 are 
diatoms and the remainder chrysophyte re- 
mains. Chrysophyte remains consist almost 
entirely of cysts. Scales and other structures 
are very rare. Only in a few cases were we 
able to associate the cysts encountered with 
Benthic 
diatoms 
Planktonic 
diatoms 
Planktonic 
Fig. 3. As Fig. 2, but of benthic and planktonic diatoms. 
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Fig. 4. As Fig. 2, but of absolute abundance of Cycloteh spp. 
living species and they are treated as form 
taxa. Listings of all taxa present can be ob- 
noted in only one sample below 10 cm, and 
Cyclotella ocellata, which was most abun- 
tained from E.F.S. dant at 30 cm. 
All of the numerically important Cj&o- 
tella species are regarded as characteristic 
of oligotrophic lakes. In Lake Michigan they 
reach greatest abundance in summer 
(Stoermer and Ladewski 1976). Except for 
Cyclotella comensis, they were originally 
present throughout the Great Lakes system. 
Cyclotella operculata was present, but very 
rare, in all of the lakes and has become rel- 
atively abundant only in postsettlement 
samples from Lakes Huron and Michigan 
(Fig. 4). All these species of Cyclotella have 
been virtually eliminated from the floras of 
Lakes Ontario (Stoermer et al. 19853) and 
Erie (Stoermer et al. 1987) but are still pres- 
ent and apparently increasing in abundance 
in Lakes Superior (Stoermer et al. 19854 
and Huron (Wolin et al. 1988). In our sam- 
ples they, except for C. comensis and C. 
operculata, are present in most strata stud- 
ied. The general pattern of occurrence of 
Cyclotella species is similar, with low and 
relatively stable abundance in the lower sec- 
tion of the core, an increase to maximal 
absolute and relative abundance above 10 
cm, followed by decreasing numbers toward 
the sediment surface. Exceptions are C. 
comensis and C. operculata, which were 
Both planktonic (Fig. 5) and benthic (Fig. 
6) species of Fragilaria are present in sam- 
ples from most levels of the core. Abun- 
dance declines markedly in the 3-cm sample 
and FragiZaria spp. are virtually absent from 
surficial sediments. Of major planktonic 
taxa, Fragilaria capucina is usually associ- 
ated with eutrophic conditions in the Great 
Lakes (Stoermer 1978), Fragilaria interme- 
dia var. fallax is usually associated with oli- 
gotrophic conditions and has apparently 
been eliminated from Lake Ontario 
(Stoermer et al. 19853), and Fragilaria cro- 
tonensis is apparently eurytopic and com- 
mon throughout the Great Lakes system. 
Considered together Fragilaria species have 
two striking abundance maxima, at 3.0-3.5 
cm and 20-22 cm. Planktonic species, par- 
ticularly F. capucina and F. crotonensis, are 
most important in the 3.0-3.5-cm maxi- 
mum and both benthic and planktonic taxa 
contribute to the 20-22-cm maximum, al- 
though benthic taxa are most important at 
this level. The most abundant benthic taxa 
are widely distributed species that tend to 
be particularly abundant in deep-living ben- 
thic communities from large lakes, in late- 
glacial deposits (Haworth 1975, 1976), and 
Notes 963 
Fragilaria Fragilaria 
capudna crotonensis 
Fragilaria Plonktonic 
intermedia Fragilaria 
v. fallar VP. 
Ftagilaria 
SPP- 
30- 
40- 
Fig. 5. As Fig. 2, but of absolute abundance of planktonic Frugilaria spp. 
in sediments of arctic lakes (Smol 1983). 
The most striking feature common to small 
benthic Fragilaria spp. is the abundance 
maximum in the 20-22-cm sample (Fig. 6). 
Species of Melosira (Fig. 7) are common 
components of phytoplankton communi- 
ties during winter circulation (Stoermer and 
Ladewski 1976) in the Great Lakes and are 
generally well represented in sedimentary 
Fragilaria 
construens 
Fragilarfa 
construens 
v. minuta v. venter 
assemblages (Stoermer et al. 1985b,c,d, 
1987; Wolin et al. 1988). Melosira abun- 
dance is relatively low and uniform in sam- 
ples below 10 cm but increases to >70% of 
the assemblage in surficial sediments. This 
increase occurs in two stages, moderate in- 
crease in samples between 3 and 10 cm and 
more rapid increase in samples near the sed- 
iment surface. Melosira islandica contrib- 
Fragilaria 
pinnata 
Benthic 
Fragilaria 
SPP- 
Fig. 6. As Fig. 2, but of absolute abundance of benthic Fragiluria spp. 
Ydos4fa Yelos4ra 
Mand4ca SPP. 
niagarae are present throughout the pre- and 
,~~~~::::::~ 
postsettlement record in Lakes Ontario 
(Stoermer et al. 19853) and Erie (Stoermer 
et al. 1987). There are no modern records 
.......................... ............ of S. transilvanicus from the lower Great 
. ........................ .............. Lakes, although it was once abundant in 
Lake Ontario (Stoermer et al. 19853). 
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Two main clusters are defined (Fig. 9), 
which distinguish samples deposited before 
and after - 1964. Within the latter cluster 
the surface sample is grouped with samples 
from 1.5 to 2.5 cm rather than with their 
nearest stratigraphic neighbors. Within the 
former cluster, samples deposited between 
1954-1964, 1925-1964, and 1885-1925 are 
resolved further. All samples deposited be- 
fore 1885, except the sample from 20 to 22 
Fig. 7. As Fig. 2, but of absolute abundance of 
cm (- 173 5), are very similar. 
Melosira spp. 
Our results do not support Parker and 
Edgington’s (1976) conclusion that decrease 
in siliceous microfossil abundance with in- 
utes most strongly to the initial rise and creasing sediment depth results largely from 
Melosira italica becomes strongly dominant dissolution. Reduction in abundance does 
in the near-surface sediments. not continue in sediments deposited in the 
Species of Stephanodiscus (Fig. 8) are most presettlement era and even relatively fragile 
abundant in Lake Michigan during winter species such as F. crotonensis are preserved 
and spring circulation (Stoermer and La- in the deepest sediments sampled. Further, 
dewski 1976). With the exception of Steph- we find no microscopic evidence of disso- 
anodiscus transilvanicus, they are present lution at successively greater sediment 
throughout the Great Lakes system. Both depths. It has been our consistent obser- 
Stephanodiscus alpinus and Stephanodiscus vation that the best microfossil preservation 
Stephanod4scus Stephanodbcus Stephanodbxu Stephanodbous Stephanodticus Stephanodbcus 
alpinus m4nutus dagarae trans6lvanbus sp. #IO SPP. 
Fig. 8. As Fig. 2, but of absolute abundance of Stephunodiscus spp. 
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Fig. 9. Cluster analysis based on absolute abundance of the most abundant species in core K-34-83. Date 
ranges shown in clusters are based on zloPb. Dates before 1880 are extrapolated based on the assumption of 
constant sedimentation rate and may be conservative. 
is found in presettlement strata, particularly 
in the lower Great Lakes (Stoermer et al. 
1985~). 
In our opinion the most probable expla- 
nation for the obvious quantitative and 
qualitative changes in Lake Michigan sed- 
imentary microfossil assemblages is anthro- 
pogenic eutrophication in the postsettle- 
ment era (Schelske et al. 1983, 1986). We 
infer that samples from zone E represent the 
natural state of the system, before substan- 
tial intervention by European settlers. Ac- 
cordingly, responses in zone D result from 
increased nutrient fluxes brought about by 
forest clearance, introduction of extensive 
agriculture, and general human population 
growth. Samples in zone C reflect acceler- 
ation of these trends. The very rapid tran- 
sition in zone B reflects response to intro- 
duction of phosphate-based detergents and 
increase in the proportion of population 
served by sanitary sewers in the post-World 
War II era. We conclude that samples from 
zone A reflect changes in siliceous micro- 
fossil deposition resulting from silica limi- 
tation during summer stratification. At some 
level the microfossil record must also record 
the effects of other external forcing func- 
tions and effects of internal biotic interac- 
tions. However our results support the view 
that any such effects are small (Lehman 
1988) compared to effects of increased 
phosphorus loading. 
In evaluating this scenario, it should be 
remembered that only one core was ana- 
lyzed but that it probably represents the least 
modified conditions in Lake Michigan. Sed- 
imentary sequences in the southern basin of 
the lake might be expected to reflect both 
earlier and more extensive effects. For in- 
stance it is well known that severe, by the 
standards of the day, local sewage pollution 
problems occurred in the Chicago area in 
the 1870s and 1880s (Briggs 1872; Thomas 
and Chase 188 1). The political response to 
these problems, diversion of sewage from 
the Chicago metropolitan region to the Mis- 
sissippi drainage via the Chicago Sanitary 
and Ship Canal, was likely the most im- 
portant factor in preserving relatively high 
water quality in Lake Michigan. 
Granting real differences in planktonic 
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floras indigenous to lakes in the Great Lakes 
system, it is possible to arrive at an ap- 
proximate comparison of present condi- 
tions in Lake Michigan to past states in the 
lower lakes. It is clear that Lake Michigan 
is in a much earlier successional stage. Com- 
parison of population responses leads to the 
conclusion that Lake Michigan during the 
1970s passed through the same changes that 
occurred in Lake Ontario (Stoermer et al. 
19853) - 1900. In retrospect it is somewhat 
ironic that our original hypothesis (Schelske 
and Stoermer 197 1, 1972) was based on ex- 
periments carried out in Lake Michigan 
during the critical period. With the value of 
hindsight, interlake comparative experi- 
ments in the early 1970s or institution of a 
comprehensive routine measurement pro- 
gram in the 1950s and 1960s (Schelske 1988) 
would probably have served to clarify the 
situation earlier. 
Although the magnitude of postsettle- 
ment changes overwhelms presettlement 
events, our results do not imply the preset- 
tlement environment of Lake Michigan was 
unchanging. We have already noted the ap- 
parent cyclic pattern of chrysophyte abun- 
dance imposed on a generally declining trend 
in presettlement samples. We also call at- 
tention to the exceptional relative abun- 
dance of F. crotonensis in samples between 
11 and 16 cm (-1811-1864). Bradbury 
( 1988) postulated that high abundance of 
this species is associated with limited spring 
circulation and high summer production. 
This suggestion is congruent with our ob- 
servations on recent phytoplankton assem- 
blages in Lake Michigan (Stoermer and La- 
dewski 1976) and Hartig’s (1987) work in 
Lake Erie. Perhaps the most intriguing 
problem in our presettlement material is 
sample 27 (- 1735). Species composition 
(atypical abundance of small benthic Fragi- 
Zaria and oligostenothermal Stephanodis- 
cus) suggests that Lake Michigan underwent 
a period of extreme low temperatures at this 
time. Bradbury ( 1988) noted a similar ep- 
isode in Elk Lake somewhat earlier, but like- 
ly within dating error. Resampling and re- 
analysis of material from interval 27 
convinces us that its outlier status does not 
result from a subsampling or preparation 
artifact. Our data thus suggest natural per- 
turbation events in the presettlement his- 
tory of Lake Michigan, but extended sam- 
pling and analysis would be necessary to 
define them. 
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Temperature of limpets in the rocky intertidal zone: 
Effects of caging and substratum 
Abstract-Depending on weather, tempera- 
tures (r,) of intertidal limpets (Collisella scab-a) 
were decreased as much as 4°C by the types of 
cages used in ecological studies in the rocky in- 
tertidal zone. The cages blocked 60-80% of in- 
cident solar radiation. Differences in substratum 
may have larger effects on T, however, than those 
introduced by cages. 
Interspecific interactions in the rocky in- 
tertidal zone are perhaps the best under- 
stood of any ecological community. This 
situation results largely from the tractability 
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of caging techniques, which have been used 
successfully in numerous studies (see Paine 
1977). Cage experiments have generally 
controlled for cage effects by including 
“roofed” cages, open at the sides to allow 
access of crawling invertebrates, but pre- 
sumably producing shading and hydrody- 
namic effects similar to those of the fully 
enclosed cages. Effects of caging on the 
physiological environment of study organ- 
isms have rarely been investigated directly. 
Therefore it seemed worthwhile to examine 
the effects of cages on the thermal environ- 
ment. 
Operative temperature (T,) is a means of 
describing the microclimate of an area with 
a model of the organism as the temperature 
probe. re incorporates all the avenues of 
